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Abstract 



We have studied the 0(fO2O)ao(98O) S-wave scattering at threshold energies employing chiral La- 
grangians coupled to vector mesons by minimal coupling. The interaction is described without new 
free parameters by considering the scalar isovector ao(980) resonance as dynamically generated in 
coupled channels, and demanding that the recently measured e + e~ — > 0(lO2O)/o(98O) cross section 
is reproduced. For some realistic choices of the parameters, the presence of a dynamically generated 
isovector companion of the F(2175) is revealed. We have also investigated the corrections to the 
e + e~ — > 0(lO2O)7r°?7 reaction cross section that arise from 0(fO2O)ao(98O) re-scattering in the final 
J> ■ state. They are typically large and modify substantially the cross section. For a suitable choice of 

CNj \ parameters, the presence of the resonance would manifest itself as a clear peak at -y/s ~ 2.03 GeV in 

e+e" -» 0(1O2O)tt°7/. 

in 

t^- ■ 1 Introduction 

o; 

Our understanding of light hadron spectroscopy has been challenged in recent years by the discovery of 
several exotic states that cannot be easily accommodated into the quark model picture [TJ. One of them is 
the resonance 0(2170) [2] (or Y(2175), as we will refer to it from now on). The Y(2175) was first observed 
by the BABAR Collaboration [3J 0] with mass My = 2175 ± 10 ± 15 MeV and width Ty = 58 ± 16 ± 
20 MeV [3j in the e+e" -► 0(1020) / (980) reaction, and also found by BES in J/tf -> j] 0(1020) / (980) 
decay with My = 2186 ± 10 ± 6 MeV and Ty = 65 ± 23 ± 17 MeV fS]. The Belle Collaboration 
has performed the most precise measurements up to now of the reactions e + e~ —> 0(lO2O)7r + 7r~ and 
e+e" ->■ 0(1O2O)/ O (98O) finding My = 2079 ± 13±^| MeV and Ty = 192 ± 23±§f MeV [6]. The obtained 
width is larger than in previous measurements but the error is large. The same feature has been found 
in a combined fit to both BABAR and Belle data on e + e~ -)■ 0(lO2O)7r + vr" and e+e~ ->• 0(1O2O)/ O (98O), 
yielding My = 2117±g;|| MeV and Ty = 164±|g MeV 0. 

These experimental findings have triggered a significant theoretical activity aimed at unraveling the 
nature and properties of this resonance. It has been interpreted as a tetraquark [HJ [91 [10], with a 
mass of 2.21 ± 0.09 GeV [8j or 2.3 ± 0.4 GeV [9] calculated using QCD sum rules. It has also been 
identified with the lightest hybrid ssg state |11] with mass in the range 2.1-2.2 GeV [121113] and a width 
of 100-150 MeV [11] . Conventional ss states in 2 3 Lq or 3 3 <Si configurations have been considered as 
their masses are expected to be compatible with that of the Y(2175). The width of the 2 3 D± state is 
estimated to be 150-210 MeV [14] while the 3 3 5i is disfavored due to the rather large (~ 380 MeV [15] ) 
predicted width. The large width obtained in Ref. |16] also makes the interpretation of the V(2175) as 



a dynamically generated excited state of the 0(1020) meson, within the multichannel generalization of 
the resonance-spectrum expansion model [17^ [T8] , quite unlikely but further improvements of the model 
might change this conclusion [16]. Reference [19] studies the three-body KK(p(1020) scattering with 
two-body interactions taken from unitarized chiral perturbation theory [201 [2~T] and a resonance with 
2170 MeV of mass but a width of only 20 MeV is generated. In Ref. |22j we obtained a good description 
of the e + e~ — > ( 1020) /o (980) scattering data in the threshold region (~ 2 GeV) using chiral Lagrangians 
coupled to vector mesons, supporting the conclusion that the Y(2175) has a large mesonic 0( 1020) /o (980) 
component. 

In this contest, it is relevant to establish whether there is an isovector companion of the isoscalar 
y(2175). Such an investigation will help constraining theoretical models and their parameters, leading 
to a better understanding of meson properties in the energy region around 2 GeV. In particular, the 
Faddeev-type calculation of Ref. [19] that obtains the V(2175) as a dynamically generated state finds 
no resonance in the isovector 0(lO2O)ao(98O) S-wave channel. Experimentally, this isovector resonance 
could show up in e + e~ — > 0(lO2O)ao(98O) — > (fr(W20)ir r] , as suggested in a recent theoretical study of 
this process [23]. It could also be observed in the e + e~ — > (p(1020)K + K~ reaction because the ao(980) 
couples strongly to K + K~ [23]. One should stress that the calculations of Refs. \22>\ 124] do not take into 
account 0(lO2O)ao(98O) final state interactions (FSI) which, resonant or not, could be large and have a 
sizable impact on the predicted cross sections. 

In this article we apply the formalism of Ref. [22] to the S-wave 0(lO2O)ao(98O) scattering and dis- 
cuss the possible presence of an isovector J = 1 dynamically generated resonance around the 
0(lO2O)ao(98O) threshold for parameters that satisfactorily describe the isoscalar 0(lO2O)/o(98O) chan- 
nel. FSI corrections to e + e~ — > 0(lO2O)ao(98O) — > 0(lO2O)7r°?7 are also studied. The formalism for 
0(lO2O)ao(98O) scattering is developed in Sec. [2] followed by the derivation of the scattering amplitudes. 
Section [3] contains the results and discussions thereof. Our concluding remarks are given in Sec. [H 

2 Derivation of the 0(lO2O)ao(98O) scattering amplitude 

In order to obtain the 0(lO2O)ao(98O) amplitude we follow closely our previous paper [22], replacing the 
isoscalar /o(980) by the isovector ao(980). First, the scattering of the 0(1020) resonance with an S-wave 
neutral pair of the lightest pseudoscalar mesons in isospin / = 1 is investigated. Two types of meson pairs 
are then possible, namely, |1) = \KK)j = i and |2) = |vr°7/8) (already a pure 1=1 state.) The following 
channels result 



(1-+1) 
(l->2) 
(2->l) 
(2->2) 



0(1020) \KK) I=1 -> <j>(1020) \KK) I=1 , 

<£(1020) \KK)i =1 -»■ <£(1020) |7r% 8 ) , 

<£(1020) KV) -> 0(1020) \KK)i=x , 

0(1020) |vrV) -^ 0(1020) |vr°r/ 8 ) . (2.1) 



Both 0(lO2O)ao(98O) S- and D- waves contribute to the l -_ channel but since we are interested in the 
threshold region around 2 GeV, D-wave terms can be neglected. They are suppressed by powers of |p| 2n , 
where |p| is the three momentum of the 0(lO2O)ao(98O) pair in the center of mass (CM), and n = 1,2 
is the number of 0(lO2O)ao(98O) D-wave initial and final states involved. Moreover, as both 0(1020) and 
ao(980) are very close to the KK threshold, the amplitude at tree level is dominated by diagram Fig. (Th. 
The main reason is that the propagator of the kaon intermediate state is almost on-shellP 1 ! We also 



#1 In our case, the intermediate state is a kaon or an anti-kaon because of the absence of </> 2 7r°7r°, 2 7r°r?g and (f^V&Va 



include the local term of Fig. [Tb because the off-shell part of the four-pseudoscalar-meson vertex can 
cancel the kaon propagator generating local terms. Therefore one has to consider simultaneously the sum 
of amplitudes from both diagrams as any splitting would depend on field parameterization. 
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Figure 1: Dominant tree-level contributions to the scattering of a 0(1020) with a neutral pair of pseudoscalar 
mesons close to threshold. The dashed lines denote the pseudoscalar mesons and the solid line stands for the 
0(1020). 



The required vertices can be obtained from the lowest order SU(3) chiral Lagrangian |25| 

£ 2 = ^Tr (d^D^U + X ] U + X U ] ) , (2.2) 

with / the pion weak decay constant in the chiral limit, that we approximate to f n = 92.4 MeV. The 
octet of the lightest pseudoscalar fields are included in U as 



U = exp i 
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(2.3) 



Assuming minimal coupling, the covariant derivative D^U incorporates the lightest octet of vector reso- 



nances Vn as external fields: 



DM = dM-igK,U] , 
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(2.4) 



1^8 + -^^1 and 



where g is a coupling constant. We have assumed ideal mixing, so that v . v , .,,. 

u; = -7^8 + V f w li with ug and wi being the 1 = octet and singlet vector states. As a result, the 
following Lagrangians involving vector and pseudoscalar mesons arise from Eq. (|2.2|) : 



9' 



£ W = -fpT* K u "* 4 " 4u„$V$ + 3^$V$ 2 ) , 



jC<j,4 



^Tr ( a.sd^s 2 - <9 u $$d M $$ - -m$ 4 

Qp \ M M 2 



(2.5) 



vertices in the V $ Lagrangian of Eq. (|2.5[) . See Ref. [22] for a detailed analysis where all the other tree-level diagrams 
originating from the same set of Lagrangians employed are discussed and shown to be suppressed compared to Fig. QJ,. 



where M = diag(m 2 , m 2 , 2m 2 K — m 2 ) and m n and tuk are the pion and kaon masses. To construct the 
(1 — > 1) amplitude we cast \KK)j = i as 



\K{k x )K{k 2 )) 



1=1 



1 

71 



^ + (fc 1 )^-(fc 2 )-^°(A ;i )^ (A; 2 )) 



(2.6) 



with k\ and &2 the kaon four-momenta. The global minus sign appears because we identify \K~) = —\I = 
1/2,1% = —1/2) to be consistent with the convention adopted in the chiral Lagrangians Eq. f|2.3[) . We 
denote the amplitudes for the reaction channels 

( p(p)K + (k 1 )K-(k 2 )^<P(p')K + (k[)K-(k' 2 ), 

4>(p) K°(h) K°(k 2 ) -► 4>(p') K+(k[) K-{k' 2 ) , 
HP) K+fa) K- (k 2 ) -+ <f>(p') K°(k[) K°(k' 2 ) , 

4>{ P ) K°(h) K°(k 2 ) -► 4>{p') K°(k[) K°(k' 2 ) , 



as T cc , T nc , T cn and T nn , from top to bottom. These amplitudes were calculated in Ref. 
diagrams of Fig. [1] assuming isospin symmetry. The result for diagram Fig. [Th. is 

T cc } = -Jpt • e' {4 + 6(n a - 2m 2 K ) [d{Q + h) + D(Q - k' 2 ] 
+6(n b - 2m 2 K ) \D{Q + k 2 ) + D(Q - k[j\ } , 

71(0) _ rp{a) 
nn cc ' 



(2.7) 
for the 



^nc n cc ' 



1. 



rp{a) _ rp(a) _ ±rp(a) 



(2. 



where e (e') is the polarization four- vector of the initial (final) 0(1020) meson, u a = (k[ — k 2 ) 2 , Uj, 
(k' 2 — k\) 2 and Q = p — p' . The kaon propagator D{q) is given by 



D(q) 



1 



m 2 K — q 2 — is 



(2.9) 



with e — > + . For the contact term (diagram of Fig. [Tb) the result is 
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Taking into account Eq. (12. 6p one finds for the (1 — > 1) channel of Eq. (12.1 

1 ,_ „ _ _ , 1 



n/=l 
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7T {T cc + T, 
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-Lncj — r, cc 1 



(2.10) 



(2.11) 



where T cc = Tec + Tec (and analogously for T nn , T cn and T nc ). Therefore, 

T n =1 = % e • e '{~ 2 + fc 2 • K [D(Q + fei) + D(Q - k' 2 )] + h ■ k' 2 [D(Q + fc 2 ) + D(Q - k[)] } . (2.12) 



Proceeding in the same way, the (1 — > 2) and (2 — > 1) amplitudes are found to be 
T/ 2 =1 = -J^ • e' [3k[ ■ k' 2 + ml] [D(Q + k{) + D(Q + k 2 )\ , 

Tt 1 = ~^p e ' e ' i 3kl ' k2 + m -] i D( - Q ~ *& + D ® ~ *&] ' ( 2 - 13 ) 

where k%, k<i (k[, k' 2 ) are the four-momenta of the initial (final) pseudoscalars. The Gell-Mann-Okubo 
mass relation m 2 = 4m ^-/3 — m^/3 has been used to simplify the final expressions. Notice that there 
is no local term due to a cancellation between the contact term from Fig. [TJa and the local part from 
Fig. [T^,. Finally, (2 — > 2) is absent at tree level because there are no 2 $ 2 or 2 $ vertexes with only 7r° 
and rj mesons. Because of the absence of the contact terms for (1 — } 2), (2 — >• 1) and (2 — > 2) there is no 
need to further consider these processes in order to obtain the (/>(1020)ao(980) interaction kernel. It can 
be obtained directly from (1 — > 1), as it is explicitly worked out below. 

^ ^ ^ ^ ___ a (980) ^ a (980) p, 

V o(980) ' I v ya (980) / | x 

Figure 2: The two ao(980) poles that arise from meson- meson interactions in I = 1 and S-wave. 

Next, we consider initial- and final-state re-scattering of the pseudoscalar mesons in / = 1 and S-wave 
from the diagrams in Fig. [TJ as shown in Fig. [2] for the nonlocal part of the interaction. The re-scattering 
chains, made of KK and 7r°r/ pairs, contain the poles of the initial and final ao(980) resonances [26, 
EZ1 [201 [23 [29]. Below, the residue at the a (980) double pole will be identified as the a (980) 0(1020) 
interaction kernel K,A, aQ . We follow Refs42"0" l l28 t l29|. where the 1=1 S-wave meson-meson scattering was 
studied with KK and TT°r] coupled channels, and the ao(980) resonance was dynamically generated from 
the meson-meson self-interactions. This conclusion is also shared with other approaches like Refs.|27, 26j. 
The 1=1 S-wave meson-meson amplitudes 1L fulfill the Bethe-Salpeter equation in coupled channels 
HH [28] 

m 

where the indices i, j, m = 1, 2 denote the KK and 7r°ry channels. The T-matrix is given in terms of the 
on-shell part of the 1 = 1 S-wave meson-meson amplitudes at tree level Kij and the KK and Tr°r] unitary 
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" %3 
scalar loop functions, G\ and G2 in this order P 2 I Notice that the /Cy factorize in Eq. (|2.14p [20J. They 



#2 The expressions for G^ a o given in Eqs. ()2.26|) and ()2.27|) . obtained from a dispersion relation and with cut-off regular- 
ization, respectively, are also applicable here after the appropriate replacement of masses. 



are calculated from £$4 , Eq. (|2.5p , with the resulting expressions [20 
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(2.15) 



with k 2 being the invariant mass squared of the meson pair. 

In presence of re-scattering of the initial and final two-body hadronic states, the dressed amplitudes 



M-ij can be cast as 



Mi 



y\yim ±imS J m)''m,ri\Pni '^n-'-nj) 



njj j 



(2.16) 



The first (last) term in parentheses accounts for the initial (final) state interactions between the pair 
of pseudoscalar mesons in 1=1 and S-wave. For its derivation and other applications see Refs. [3TH \3T\. 
The V mn part, which contains the ^(1020) interaction with the pseudoscalar pair projected into S-wave, 
consists of two terms, V mn = V„\ n + V mn . The first one is a local term, present only in the (1 — > 1) 
channel as shown above. From Eq. (|2.12p 

-2 



v (c) - ^L d . ,s . 



(2.17) 

where only the leading non relativistic contribution to e(p, s) ■ e'(p',s') ~ — 6 SS > has been kept; this 
approximation is justified for small 0(1020) (and ao(980)) velocities in the ^(1020)ao(980) CM frame. 
The second term V mn is given by the triangular loop diagrams depicted in Fig. [3] with only kaons in 
the internal lines. For the 3> 4 vertices we take only the on-shell amplitudes of Eq. (|2.15p . The off-shell 
parts are proportional to the inverse of kaon propagators and cancel with them in the calculation of the 
loop, giving rise to amplitudes that do not correspond anymore to the dominant triangular kaon- loop 
but to other topologies [5DJ [22]. Nonetheless one should bare in mind that some of these sub-leading 
contributions may alter the contact term, fixed above from the tree level amplitudes. We obtain 
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Figure 3: Triangular kaon-loop graphs with a K + or a K° running in the loop. 



where 



V m l = -Ag 2 K ml {k 2 )K nl {k' 2 )L s , 

1 f +1 r/coso f 1 / 2 1 
L s = ^2 / i ^^ J dx ~ i l °S (1 - 2x/c) - log (1 + 2x/c)] 



(2.18) 
(2.19) 



with 



c 2 = -2 [x 2 Q 2 + 2k 2 x(l - 2x) -m 2 K + ie] ; 



(2.20) 



k 2 (k' 2 ) stand for the invariant mass squared of the initial (final) pseudoscalar-meson pair. Inside the 
integral we take k 2 = k' 2 , which holds at the ao(980) double pole. We account for the S-wave projection by 
averaging over cos p with p the relative angle between 0(1020) incoming (p) and outgoing (p ; ) momenta 
in the CM frame. In terms of this angle Q 2 = — 2p 2 (l — cos p). As for the contact term we approximate 
e(p, s) ■ e'fp', s') ~ —5 ss i. Further details on the derivation of the triangular-loop amplitude can be found 
in Ref. [22jJ#l Altogether, 



V„. 



4g 2 { 6 -^-lC ml (k 2 )JC nl (k' 2 )L s ) . 



(2.21) 



Substituting the previous expression in Eq. (J2.16P and using Eq. (|2.14j) one finds that 
M k = ^ 2 (ifoi - T lX {k 2 )G x (k 2 )\[h 3 - G x {k' 2 )T 3X {k' 2 )\ - T tl (k 2 )T 3l (k' 2 )L s \ . 



(2.22) 



Now we proceed to extract the ^(1020)ao(980) interaction kernel. For this purpose we notice that the 
scattering amplitude Tn(fc 2 ) contains the ao(980) resonance pole with residue 






(2.23) 



where M 2 Q denotes the ao(980) pole position. Therefore 
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(2.24) 



The 1/7^-e- factor appears because M.\\ contains two extra ao(980) — > \KK)j = i couplings that should 
be removed in order to isolate the ao(980) resonances. 

Finally, the </>(1020)ao(980) S-wave scattering amplitude is 
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1 + AJ<i an G, 



(pao^aofo 



(2.25) 



For a general derivation of this equation, analogous to Eq. (|2.14p . based on the N/D method see Refs. |28[ 
[32] . Using dispersion relations, the 0(lO2O)ao(98O) loop function, G0 ao , is found to be [28] 



GfjXlQ ( s ) 



I { M 2 

oi + log ao 



(4vr) 
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n- M L+s M 2 ao | P | 

2s i0g Ml + V~s 



log(s - A + 2y/s\p\ 



+ log(s + A + 2y/s\p\) - log(-s + A + 2y/s\p\) - log(-s - A + 2^s|p| 



(2.26) 



#3 



The expression for c given in Eq. (|2.20|) . although more compact, coincides with Eq. (2.24) of Ref. [22] 



with A = M? — M 2 . While the renormalization scale [i is fixed the to value of the p meson mass, 
fM = 770 MeV, the subtraction constant a\ has to be fitted to data [28]. The loop-function can also be 
regularized with a three- momentum cut-off q m ax |20j, 



G^ (s) 



\k\ 2 d\k\ 
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(2.27) 



with Wj 



m? 



+ |k| 2 cj It is instructive to compare the real part of the Gsa functions that result from 



the two methods. For this we fix M ao = 1.009 GeV, corresponding to the pole mass obtained in Ref. [20J. 
The comparison is presented in Fig. [U On the left panel, Eq. (|2.26[) is evaluated varying the subtraction 
constant a\ from —1.0 to —3.5 in steps of —0.5 starting from the top while on the right one, Eq. (|2.27|) is 
plotted for q ma x between 0.8 and 1.2 GeV (around the typical hadronic scale ~ 4^/^-) in steps of 0.1 GeV 
from top to bottom. We observe a significant overlap between both functions in the threshold region 
(~ 2 GeV) for values of a\ between —3 and —2. This interval contains indeed the a\ values obtained 
in Ref. [22] by fitting the e + e~ — > 0(lO2O)/o(98O) cross section. This coincidence is interpreted as an 
indication that the V(2175) resonance is to a large extent dynamically generated. Now, we investigate 
this possibility for the 1 = 1 S-wave </>(1020)ao(980) scattering. 



0.005 






Dispersion relation 






i 








•\ 








*. 






'-«, 











» 
















0.005 












~*\ 


\ \ I..,-'-'""" 


-0.01 








0.015 






V'' /^ 



Cut-off 






I 








^^^~^~^^ / '' 








.■;•■■•... ~~--0\ / /' .• 


0.005 






'"*"■*. "'*■'. *'* \\ / / * 








^ ^ '"'••. *• X A / / •*' •••■' 








X '••- '• \\ / /' .*' ••'' .•' 




s\'\/ / .■ .■■■ y 




\:Y s .•• ••' ' 


-0.01 






w .,- • 




*.•••' y 












r 


0.015 


I 



v^ [GeV] 



[GeV] 



Figure 4: (Color online). The real part of Gtp ao calculated from a dispersion relation, Eq. (I2.26I) . left panel, and 
with a three-momentum cut-off, Eq. (|2.27[) . right panel. From top to bottom, the subtraction constant a\ is varied 
from —1.0 to —3.5 in steps of —0.5 while the three-momentum cut-off, q ma x, goes from 0.8 to 1.2 GeV in steps of 
0.1 GeV. 



#4 Of course, this regularization procedure spoiis the anaiyticai properties of G</>a . 



3 Results and discussion 

3.1 Possible 0(1020) a (980) resonances 

In this investigation, we consider two possibilities for the ao(980) properties (pole position and residue), 
as they depend on the adopted approach. In the first one, the Bethe-Salpeter (BS) equation for meson- 
meson scattering was solved using cut-off regularization for the loop function |20| . In the second case, 
the N/D method was used with the meson-meson loop function obtained with a dispersion relation |28j . 
It additionally includes the s-channel exchanges of tree- level scalar resonances, corresponding to a flavor 

In both studies the KK 



#5 



singlet of mass close to 1 GeV and a higher octet of mass around 1.4 GeV 

and 7T°r] coupled channels were considered for 1 = 1. The ao(980) properties extracted in these references 

are listed in Table [TJ 



BS [2D] 
N/D [28] 



M ao [GeV] 



1.009 + i 0.056 
1.055 + i 0.025 



7 



T"7 
KK. 



[GeV 



2T 



24.73 - i 10.82 
17.37 -i 24.77 



Table 1: ao(980) properties, pole position M ao and residue TJL-s-, used as input. 



Furthermore, we employ two sets of values for the coupling g and the 0ao subtraction constant a\ 
corresponding to the values we obtained in Ref. [22] by fitting BABAR [4J and Belle [6j data on e + e~ — > 
0(1020) /o(980). The first of the fits corresponds to Fit 1 of Ref. [22], with mass and couplings for the 
/o(980) resonance from Ref. |34| . while the second one is similar to Fit 2 of Ref. [22] but obtained with 
slightly different values of the /o(980) mass and KK residue (j 2 K ^), corresponding to those values of 
Ref. 28 1 . The /o(980) properties from Refs. [341 [2"B] and the resulting fit parameters are collected in 
Table [21^ 6 I Notice that g 2 < 0. As remarked in Ref. [22], g 2 should be understood as a parameter 
characterizing the (f>(1020)K scattering around its threshold, with presumably large influence from the 
I{J ) = ^(1 + ) K\{14QG) resonance [2], which would determine the negative sign for g 2 . 





M fo [GeV] (fixed) 


Akk t GeV2 ] ( fixed ) 


V-9 2 


a\ 


Fit 1 
Fit 2 


0.980 
0.988 


16 
13.2 


7.33 ±0.30 
5.21 ±0.12 


-2.41 ±0.14 
-2.61 ±0.14 



Table 2: Fits to BABAR @] and Belle [6] e+e" -> 0(1020) / (980) data for two different choices of the 
/o(980) properties according to Ref. [M] (top) and [28] (bottom). 



We calculate |T0 ao | 2 for the four possible combinations of the parameter sets in Tables [Q and [2j 
As mentioned above, some of the discarded contributions to the triangle loop could modify the local 
term in Eq. (|2.24p . For this reason, we first exclude the local contribution and concentrate on the more 
robust triangular topology. The |T^, ao | 2 dependence on the 0(lO2O)ao(98O) invariant mass is shown in 
Fig. [5j All the curves show a prominent enhancement below the cpKK threshold (2.01 GeV) that hints 
at the presence of a dynamically generated resonance located quite close but above the (j)7T°r] threshold 



#5 The ao(980) pole position obtained with the N/D approach is almost identical to the one obtained with the Inverse 
Amplitude method [33] . 
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The difference in the subtraction constant 01 from both sets is too small to be significant. 
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Figure 5: (Color online). |T0 ao | 2 without local term in the kernel /C^ ao as a function of the 4>ao invariant mass for 
the possible combinations of parameters in Tables [TJ [5J 



(1.7 GeV). For Fit 2, the peak is narrower and has a maximum at a higher y/s but it is 2.5 times weaker 
than for Fit 1 (notice the different scales in the plots). 

Let us now take into account the local term in the kernel as given in Eq. (|2.24p . For the sake 
of consistency the KK unitarity scalar loop function, G\{k 2 ), is evaluated making use of the same 
regularization procedure employed in generating the ao(980) resonance from Refs. [20]I28|. Hence, when 
the BS set is used, G\{M^ ) is computed using a cut off regularization with q max = 1 GeV [20] while, 
when the N/D parameters are considered, G±(M%) is obtained from a dispersion relation with the 
renormalization scale fixed at the p mass, Hkk = 0-77 GeV, and a subtraction constant of clkk = 
—0.81 [28]. The new results are shown in Fig [6] In the BS case, for both Fits 1, 2, the enhancements 
observed before in Fig. [5] are flatten away by the presence of the local term. This agrees with the results 
of Ref. [19], that also makes use of the meson-meson amplitudes from Ref. |20j . where no isovector 1~ _ 
resonance was generated. Remarkably, when the N/D set is employed the resonance peak is still clearly 
seen, and at a higher invariant mass with respect to Fig. [5j but with a |T^ ao | 2 smaller by almost a factor 
two. Considerable differences between BS and N/D results are also observed above y/s > 2.2 GeV: while 
the BS curve goes fast to zero, the N/D one remains nearly flat at least up to y/s = 2.6 GeV. The 
main difference between the two choices has to do with the actual value of the coupling squared 7^-^-, 
particularly for its imaginary part. In this way, if the BS [20] ao(980) pole position in Tabled] were used 
with the couplings of the N/D [28J pole one would obtain also ^(1020)ao(980) broad peaks similar to those 
shown by the dashed lines in Fig. [5] In Ref. [22] it was found that the fits to BABAR [4] and Belle [6] 
data in the region of the F(2175) resonance were stable against variation of the contact term in the 
0(lO2O)/o(98O) kernel. Now there is more sensitivity because the ao(980) pole positions (Tabled]) are not 
so close to the KK threshold as the /o(980) ones (Table [2]). For this reason, the three point function L$, 
Eq. (|2.19p . is smaller than in the /o(980) case so that interferences with smaller contributions are more 
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Figure 6: (Color online). Same as Fig. [5] but with the local term in the kernel as in Eq. (|2.24j) . 



relevant. For the N/D [28] ao(980) pole position the local term amounts at around a 20% of the leading 
Ls contribution. However, for the BS [20J pole the corrections from the local term increase significantly 
with energy above 2 GeV. One should notice that Gi(M ao ) 2 in Eq. (I2.24J) is larger by around a factor 4 
for the BS pole than for the N/D one. Due to the uncertainties in the pole position and couplings of the 
ao(980) resonance as well as the local term in IC^ ao , Eq. (12.24f) . we cannot arrive to a definite conclusion 
on the existence of an isovector companion to the V(2175) in the <^>(1020)ao(980) system. Nevertheless, 
we can state that if the ao(980) properties are close to those predicted by the N/D study of Ref. [28] the 
present model predicts a resonance behavior of dynamical origin in the <^>(1020)ao(980) scattering around 
1.8-2 GeV^~ 



#7 



In Fig. [7] we show real and imaginary parts of the interaction potential /C</, ao for Fit 2 and both BS 
and N/D sets. In the region of -y/s = 1.6-2.2, where |T0 ao | 2 has a peak in the N/D case, the imaginary 
parts corresponding to BS and N/D are quite similar. Instead, the real part for the N/D choice is 
positive (attractive) in the hole energy range of interest and larger than the BS real part, which even 
turns negative (repulsive) at yfs < 1.77 GeV. This explains the large differences observed in |T^ ao | 2 . One 
should stress that /C^ ao has an imaginary part due to a number of reasons: the finite ao(980) width, 
responsible for the imaginary part of the ao(980) pole position, the fact that 7^^- is complex, and also 
the imaginary part of G\{M"$S). Actually, K,^ should be interpreted as an optical potential^ 8 ! 

* 7 It is important to remark that the presence (or absence) of a resonance in the threshold region for the ao(98O)0(lO2O) 
S-wave amplitude does not depend on the precise value of the subtraction constant a\ as far as it has a natural value 
-3<ai < 0. 

* s To ensure a continuous limit to zero ao(980) width, one has to evaluate K,$a at the ao(980) pole position with positive 
imaginary part so that k 2 — > Re[M ao ] 2 + ie, in agreement with Eq. (|2.20|l . Instead, in Gt/, ao , M ao should appear with a 
negative imaginary part to guarantee that, in the zero- width limit, the sign of the imaginary part is the same dictated 
by the ie prescription of Eq. (|2.27[) . Such analytical extrapolations in the masses of external particles are discussed in 
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2.6 



So far, the ao(980) pole position has been used as a complex value for the M ao mass. It is instruc- 
tive to calculate the amplitude squared taking instead a convolution over the ao(980) mass distribution 
determined by its width, so that only real masses appear now in G0 ao , which has then its cut along the 
real axis above threshold, as required by two-body unitarity with real masses. Namely, we calculate 



K</>aolconvV S / 



1 



Re(M aQ )+<5 



dW 



Im(M a 



N JRe(M ao )-8 [W - Re (M ao )] 2 + Im (M a 



\T^ ao (s,M ao ,W)\ 2 , 



with T^ ao (s, M ao , W) defined as 



W a > M «o>wO 



fc<Pa {s,M ao ] 



l + /C^ ao (s,M ao )G ao/o (s,PF) 



and the normalization 



N 



Re(M ao )+S 

dW mF 

Re(M a() )-8 [W 



Im(M, 



«(>/ 



Re(M ao )] 2 + Im(M ao ) 2 



(3.1) 



(3.2) 



(3.3) 



Re(M a o) and Im(M O0 ) are the real and (positive) imaginary part of the ao(980) pole position. The 
integration interval around the maximum of the distribution, characterized by 5, should be enough to 
cover the region where the ao(980) strength is concentrated. In Fig. [8] we compare the results obtained 
in this way with those obtained from Eq. (I2.25P at a fixed complex M ao . This is done for Fit 2, both 
BS and N/D parameters and using 6 = 51m (M ao ). Only small differences arise in the hight of the peak 
so that one can conclude that the two approaches produce the same qualitative features, as one would 
expect based on physical reasons. 



Refs. 35, 36, 37 
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Figure 8: (Color online). |T0 ao | 2 as a function of the cf>ao invariant mass evaluated at a fixed ao(980) pole position 
(dashed and solid lines) or with a convolution according to Eq. (|3.1|) (dash-dotted and dotted lines). All curves 
were obtained with Fit 2. The left panel corresponds to the ao(980) pole position of Ref. [2D] and the right one to 
that of Ref. [28] (see Table p. 



3.2 0(1020) a (980) scattering corrections to e+e" ->■ 0(1020)^ 

The findings described above have direct implications for the e + e~ — > (/>(1020)7r°77 reaction with the 7r°r/ 
invariant mass in the ao(980) mass region]^ 9 ! This process has been investigated in Ref. [23] where the 
presence of the ao(980) is properly taken into account by replacing the lowest order KK — > nr] tree 
level vertex from £2 Eq. (|2.2p by the unitarized amplitude of Ref. [20] . However, the corrections due to 
0(lO2O)ao(98O) re-scattering (FSI) were not included. Here we consider the impact of these FSI on the 
total e + e~ — > (f)(W20)ir° 7] cross section using the previously derived 0(lO2O)ao(98O) amplitude. Under 
the assumption that the e + e~ — > 0(lO2O)7r°77 reaction is dominated by the </>(1020)ao(980) channel, the 
cross section after FSI can be cast as [22], [31] [30] 



&FSI = CO 



l + ^0ao( s )G' ? iao(s) 



(3.4) 



We take 00 from Ref. |23] (Fig. 5), which was obtained by integrating the ttt] invariant mass M vrj in the 
ao(980) region (850-1100 MeV) so that our assumption of (ftao dominance is justified. The results are 
shown in Fig. [9] for the different parameter sets. We find considerable FSI corrections. In particular, for 
Fit 1 the reduction of the cross section is large, even a factor five at some energies. With the BS choice, 



#9 Here, for simplicity, we identify the rjs state with the physical r\ particle, neglecting r/g — 771 mixing. This is also done in 
Refs. |20II28| . from where the meson-meson scattering amplitudes in the ao(980) channel have been obtained. New studies 
indicate that the ao(980) coupling to nrj' is very small |38j . 
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the cross section does not exhibit any structure and is smoother than the one without FSI. Instead, for 
the N/D set a peak (quite prominent for Fit 2) is observed at yfs ~ 2.03 GeV. These results clearly show 
the interest of measuring experimentally the nrj invariant mass distribution so as to confirm the existence 
of this new isovector J = 1 resonance that would be observed as a clear peak in data. The existence 
of this resonance is favored by our results since it appears when the ao(980) properties from the later 
and more complete N/D [28J calculation are adopted. 
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^ 0.06 




-£ 0.06 




Figure 9: (Color online). e+e~ ->■ 4>{1020)ir°ri cross section in the a (980) region (M^ G [0.85, 1.10] GeV). The 
dotted line in both plots is the result of Ref. [23] where final state (?i(1020)ao(980) re-scattering was not considered. 
The rest of the lines include FSI according to Eq. p. 41) for the sets of parameters given in Tables [TJ [2] 



4 Summary and conclusions 

We have studied the 1 = 1 S-wave </>(1020)ao(980) dynamics around threshold paying special attention to 
the possible dynamical generation of an isovector J PC = 1 scalar resonance. Following the approach 
of Ref. [22], where the related isoscalar S-wave c/>(1020)/o(980) scattering was investigated, we first con- 
sidered the scattering of the ^(1020) resonance with a pair of light pseudoscalar mesons at tree level using 
chiral Lagrangians coupled to vector mesons by minimal coupling. The re-scattering of the two pseu- 
doscalars in I = 1 and S-wave generates dynamically the ao(980). We have used the information about 
this state (pole position and residue in the KK channel) from two different studies of meson-meson scat- 
tering in coupled channels to determine the <^>(1020)ao(980) scattering potential without introducing new 
extra free parameters. Afterwards the full amplitude is obtained by resummation of the ^(1020)ao(980) 
unitarity loops. The parameter g 2 , characterizing (j)(W20)K scattering at threshold, and the 0ao sub- 
traction constant a\ are obtained from two different fits to e + e~ — > (fi( 1020) Jq (980) BABAR [3] and 
Belle [6] data. We find that if the physical ao(1980) properties correspond to those extracted with the 
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N/D method in Ref. [28] (see Table [T]), the present model predicts a resonance of dynamical origin around 
1.8-2 GeV. A broader resonance is also generated when the ao(980) pole position and couplings are taken 
from the BS study of Ref. |20] if the strength of the local term in the </>(1020)ao(980) interaction kernel 
is reduced. 

Furthermore, we have determined the ^(1020)ao(980) final state interactions that strongly modify the 
cross section for the reaction e + e~ — > 0(1O2O)7t o t/ when the 7r°r] invariant mass is in the ao(980) region. If 
the ao(980) properties from the N/D method are taken, a strong clearly visible peak around 2.03 GeV is 
observed, signaling the presence of the dynamically generated isovector 1 — ~ resonance. For the ao(980) 
BS pole of Ref. [20] no peak is generated but a strong reduction of the cross-section takes place. The 
present results further support the idea that a study of the e + e~ — > 0(lO2O)ao(98O) reaction, which 
should be accessible at present e + e~ factories [3j [5j|6], may provide novel relevant information about 
hadronic structure and interactions in the 2 GeV region. 
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